The mucus layer in the gastrointestinal (GI) epithelium that protects underlying organs from infection and physical and chemical damage ([@r1][@r2][@r3]--[@r4]) contains heavily *O*-glycosylated mucin proteins. Colorectal cancer (CRC) is characterized by abnormal glycosylation states of mucins that can promote the dysregulation of the microbiota in the GI tract and lead to infection and inflammation ([@r5][@r6][@r7]--[@r8]). Mucin-type *O*-glycosylation results in the addition of *N*-acetylgalactosamine (GalNAc) to Ser or Thr to yield GalNAc-α-1-*O*-Ser/Thr (Tn antigen), which can be further modified stepwise to yield an array of heterogeneous glycan structures ([@r9][@r10]--[@r11]). The process is initiated by a family of UDP-GalNAc polypeptide *N*-acetylgalactosaminyl-transferases (GalNAc-Ts) (E.C. 2.4.1.41) that are conserved across metazoan, with 20 human isoenzymes identified thus far ([@r9]). GalNAc-Ts are Golgi-bound, type II transmembrane, Mn^2+^-dependent enzymes belonging to CAZy family 27 ([@r9]). The luminal portion of the enzymes includes the GT-A type catalytic domain that contains an active site consisting of Mn^2+^ coordinated by the canonical Asp-His-His residues, water, and the sugar donor UDP-GalNAc. A catalytic flexible loop becomes stabilized and adopts a closed "active" conformation upon peptide substrate and UDP-GalNAc binding ([@r12], [@r13]). A flexible linker (∼10 aa) connects the catalytic domain to a C-terminal ricin B-type lectin domain (carbohydrate-binding module group 13 in the CAZy database) containing 3 tandem repeats termed α, β, and γ that can each potentially bind a sugar if the canonical sugar-binding residues are present.

Human GalNAc-T12 is highly expressed in GI organs, with the highest expression in the colon ([@r14]). However, its expression is diminished in colon cancer cell lines and tissues from patients with CRC ([@r15]). Over the last decade, several studies in patients with CRC have led to the characterization of somatic and germ line mutations that reduce the in vitro enzymatic activity of GalNAc-T12 ([@r16][@r17]--[@r18]). Many mutations occur in conserved residues, while a distinct subset alters nonconserved residues, suggesting the presence of GalNAc-T12--specific features ([*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)).

Although an association between GalNAc-T12 and CRC has been demonstrated, the substrates and downstream effects of GalNAc-T12 deactivation are not known. Generally, GalNAc-T substrate identification is a challenge due to the absence of a strong consensus sequence or substrate recognition motif. Instead, GalNAc-Ts select for substrates through interactions with a limited set of preferred residues and extant GalNAcs on a peptide substrate. For instance, a Pro located +3 amino acids C-terminal to an acceptor Ser/Thr on a peptide substrate enhances enzymatic activity through interactions with a conserved pocket in the GalNAc-T catalytic domain ([@r13], [@r19], [@r20]). In GalNAc-T4, T7, T10, and T12, extant GalNAcs at short distances from the acceptor Ser/Thr on a peptide likely interact with regions in the catalytic domain ([@r20]). Furthermore, nearly all GalNAc-Ts utilize their lectin domain to recognize an extant GalNAc located 5 to 17 residues from the acceptor Ser/Thr on a substrate ([@r20], [@r21]). It was recently shown that the *Drosophila* homolog PGANT9 recognizes substrates via electrostatic, GalNAc-independent interactions with the lectin domain ([@r22]). By utilizing these different activities, each GalNAc-T selects its substrates through a unique combination of catalytic and/or lectin domain interactions with nonglycosylated and/or previously glycosylated peptide substrates ([@r20], [@r21], [@r23][@r24]--[@r25]).

GalNAc-T12 is unusual among the GalNAc-T family members because its activity is enhanced through interactions between both an N-terminal (−17 to 5 residues) GalNAc and a C-terminal (+3 residues) GalNAc on peptide substrates using its lectin and catalytic domains, respectively. This dual glycopeptide activity suggests that GalNAc-T12 likely prefers to interact with and modify densely glycosylated substrates. Here we characterize the molecular basis of the unique functions of GalNAc-T12. The X-ray crystal structure of GalNAc-T12 in complex with a di-glycosylated peptide substrate reveals how a subset of CRC mutations deactivate the enzyme and shows that GalNAc-T12 uses a distinct mechanism to align its active site and stabilize its catalytic flexible loop in the closed "active" conformation. The structure also confirms that lectin domain binding to GalNAc on a substrate occurs in a conserved pocket and reveals the nonconserved residues that constitute the unique catalytic domain GalNAc-binding pocket.

Results {#s1}
=======

Structure of GalNAc-T12 Bound to Di-Glycosylated Peptide, UDP, and Mn^2+^. {#s2}
--------------------------------------------------------------------------

We solved the X-ray crystal structure of human GalNAc-T12 bound to a model di-glycosylated peptide termed T12_Pep-5\*,17\*, UDP, and Mn^2+^ at 2.0-Å resolution ([Fig. 1*A*](#fig01){ref-type="fig"} and [Table 1](#t01){ref-type="table"}) ([@r26]). The di-glycosylated peptide sequence ([Fig. 1*B*](#fig01){ref-type="fig"}) is based on a previously optimized GalNAc-T12 peptide, T12_Pep ([@r17]), containing residues that uniquely enhance GalNAc-T12 activity, including Tyr at positions −3 and −2 (Y11 and Y12) N-terminal to the acceptor Thr at position 14 (T14) ([*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)) and Arg at position +2 (R16) C-terminal to T14 ([@r20], [@r23]). The ternary complex crystallizes in the P1 space group with 2 complexes per asymmetric unit. The catalytic domain of GalNAc-T12 adopts the characteristic GT-A fold and is connected to the C-terminal lectin domain by a flexible linker ([Fig. 1*A*](#fig01){ref-type="fig"}). T12_Pep-5\*,17\* is positioned with amino acids 1 to 6 containing Thr5-*O*-GalNAc in the lectin domain. Amino acids 7 to 11 (AGAGY) are located between the 2 domains and are disordered. Weak electron density for Y11 on the peptide suggests that this residue is dynamic and makes transient interactions with the enzyme. Thus, how it enhances enzymatic activity is unclear from the structure. The remaining T12_Pep-5\*,17\* amino acids 12 to 21, including the acceptor T14 and Thr17-*O*-GalNAc, are ordered and bound to the catalytic domain ([Fig. 1*A*](#fig01){ref-type="fig"}). The active site is correctly aligned in the product-bound state with clear density for UDP; the canonical active site residues D228, H230, and H363; and a water coordinating the active site Mn^2+^ ([Fig. 1*C*](#fig01){ref-type="fig"}). The acceptor T14 is adjacent to UDP in the active site and correctly oriented for accepting GalNAc, and the catalytic flexible loop (H363-A376) is ordered and in the closed, "active" conformation ([Fig. 1*C*](#fig01){ref-type="fig"}).

![The structure of the GalNAc-T12 ternary complex. (*A*) Structure of GalNAc-T12 in complex with UDP (light brown), Mn^2+^ (gray), and T12_Pep-5\*,17\* di-glycosylated peptide substrate (purple, with the disordered region of the peptide shown as purple dashes). The catalytic domain (green) contains the active site (red arrow). The lectin domain tandem repeats are labeled α (magenta), β (light blue), and γ (beige). GalNAc (yellow spheres) at the N terminus is bound to a pocket in the α repeat of the lectin domain, and GalNAc at the C terminus is bound to the catalytic domain. (*B*) Optimized GalNAc-T12 peptides used in this study, with GalNAc shown as yellow squares. (*C*) The active site of GalNAc-T12 superposed over an Fo-Fc omit map (light blue) contoured at 2.5 σ contains the peptide amino acids 12 to 16 (purple), UDP (light brown), and active site residues D228, H230, and H363 (dark green) coordinating Mn^2+^ (gray). T14 on the peptide is positioned for GalNAc transfer, as indicated by the dashed red arrow. The catalytic loop from A376 to H363 includes CRC residue R373 (dark green).](pnas.1902211116fig01){#fig01}

###### 

Data collection and refinement statistics, GalNAc-T12/UDP/Mn^2+^/di-glycosylated peptide (PDB ID code 6PXU)

  Parameter                                                    Value
  ------------------------------------------------------------ --------------------------
  Data collection                                              
   Space group                                                 P1
   Cell dimensions                                             
    *a*, *b*, *c*, Å                                           72.8, 73.1, 74.4
    *a*, *b*, *γ*, °                                           113.1, 100.5, 108.2
   Resolution, Å[\*](#tfn1){ref-type="table-fn"}               19.98--2.01 (2.08--2.01)
    *R*~pim~[\*](#tfn1){ref-type="table-fn"}                   0.100 (0.903)
    *I/σI*[\*](#tfn1){ref-type="table-fn"}                     7.5 (0.95)
   Completeness, %[\*](#tfn1){ref-type="table-fn"}             97.3 (89.5)
   Redundancy[\*](#tfn1){ref-type="table-fn"}                  3.8 (3.1)
   No. of unique reflections[\*](#tfn1){ref-type="table-fn"}   81,588 (3,795)
  Refinement                                                   
   *R*~work~/*R*~free~                                         17.1/21.9
   No. of atoms                                                
    Protein                                                    8,756
    Mn^2+^                                                     4
    UDP                                                        50
    Peptide/GalNAc                                             195/56
    Water/solvent[^†^](#tfn2){ref-type="table-fn"}             562/30
   B-factors                                                   
    Average                                                    42.0
    Macromolecules                                             41.9
    Solvent[^‡^](#tfn3){ref-type="table-fn"}                   42.6
    Ligands                                                    48.0
   Rmsd                                                        
    Bond lengths, Å                                            0.007
    Bond angles, °                                             0.98

Data in the highest-resolution shell is shown in parentheses.

Ethylene glycol and glycerol.

Water, ethylene glycol, and glycerol.

The CRC Variant GalNAc-T12^R373H^ Reveals the Role of Active Site Residue Arg373. {#s3}
---------------------------------------------------------------------------------

We mapped the CRC-associated mutations to the structure of GalNAc-T12 ([*SI Appendix*, Fig. S1*B* and Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)). Several conserved mutations likely destabilize the GalNAc-T12 tertiary structure. Another subset of mutations alter residues that are poorly conserved, including R373, which is located in the catalytic flexible loop ([Fig. 1*C*](#fig01){ref-type="fig"}). A sequence alignment of the human GalNAc-T family catalytic flexible loop region reveals that R373 only occurs at that position in GalNAc-T12 and its closest homolog GalNAc-T4 ([Fig. 2*A*](#fig02){ref-type="fig"}) ([@r12], [@r27]). Since R373 is distant from extant glycans on the peptide substrate, we predicted that the effect of an R373H mutation on activity would be independent of GalNAc binding and tested the activity of GalNAc-T12^R373H^ against the unglycosylated substrate T12_Pep ([Fig. 1*B*](#fig01){ref-type="fig"}). GalNAc-T12^R373H^ is ∼10-fold less active than GalNAc-T12^WT^, similar to previous results showing diminished activity of GalNAc-T12^R373H^ compared to GalNAc-T12^WT^ against a Muc5Ac peptide substrate ([Fig. 2*B*](#fig02){ref-type="fig"}) ([@r18]).

![Nonconserved residues in the catalytic flexible loop of GalNAc-T12. (*A*) P366, A369, and R373 are uniquely found within the catalytic flexible loop of GalNAc-T12 and in the corresponding positions of GalNAc-T4 (salmon). (*B*) The CRC variant GalNAc-T12^R373H^ is less active against the GalNAc-T12--specific peptide T12_Pep compared with the wild-type enzyme. A P366R mutation further reduces the activity of GalNAc-T12^R373H^. (*C*) Active site comparison of GalNAc-T12 bound to T12_Pep substrate (dark colors) to GalNAc-T2 bound to EA2 mucin peptide (PDB ID code 2FFU; light colors). GalNAc-T12-R373 interacts with UDP, the backbone carbonyl of T12_Pep residue Y12, and the backbone amide of T12_Pep acceptor residue T14 through indirect interactions with water (encircled red sphere). GalNAc-T2-H365 superimposes over GalNAc-T12-R373 and similarly interacts with the peptide backbone of EA2 and the β-phosphate of UDP. GalNAc-T2 contains an additional R362 corresponding to GalNAc-T12-P366 that indirectly coordinates UDP through interactions with water (encircled salmon sphere). (*D*) The catalytic flexible loops of GalNAc-T12 (dark green) and GalNAc-T4 (salmon) adopt a similar conformation that is distinct from the conformation of the GalNAc-T2 loop (light cyan). GalNAc-T12-K367 is positioned to make CH--π bonds with a neighboring W262. Peptide residue R16 interacts with the catalytic flexible loop. The pink conformation makes backbone interactions with P366, and the purple conformation makes indirect interactions with F365 and W262.](pnas.1902211116fig02){#fig02}

We examined the interactions between R373 and the surrounding residues in the structure and found that R373 interacts with the peptide backbone carbonyl of Y12, the β-phosphate of UDP, and a water that is hydrogen-bonded to the acceptor T14 backbone amide ([Fig. 2*C*](#fig02){ref-type="fig"}). R373 also makes cation π interactions with W335 to stabilize the conserved WGGE motif that interacts with the β-phosphate of UDP ([*SI Appendix*, Fig. S1*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)) ([@r28]). The WGGE motif residue E338 is critical for GalNAc-T activity and is positioned to interact with the GalNAc moiety of UDP-GalNAc based on a comparison with the structure of GalNAc-T10 containing an active site- bound GalNAc ([*SI Appendix*, Fig. S1*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)) ([@r29]). Overall, the structure suggests that R373 promotes catalysis by aligning the active site and correctly orienting the acceptor T14 and UDP-GalNAc for transfer. Since R373 is not conserved, its interaction with the backbone carbonyl of Y12 is unique and could partially explain why Tyr at position −2 of the GalNAc-T12--optimized substrate enhances enzymatic activity. A structural comparison of GalNAc-T12 to GalNAc-T2 bound to UDP and an EA2 mucin peptide (Protein Data Bank \[PDB\] ID code 2FFU) ([@r13]) reveals that GalNAc-T2-F369 corresponding to GalNAc-T12-R373 in the sequence alignment does not contact EA2 or UDP ([Fig. 2*C*](#fig02){ref-type="fig"}). Instead, GalNAc-T2-H365 superimposes with GalNAc-T12-R373 in the structure and similarly coordinates the EA2 backbone and a UDP-interacting water molecule.

GalNAc-T12 Uses a Unique Mechanism for Catalytic Flexible Loop Stabilization. {#s4}
-----------------------------------------------------------------------------

The structural comparison between GalNAc-T12 and GalNAc-T2 further reveals a nonconserved P366 in the GalNAc-T12 catalytic flexible loop that corresponds to a conserved R362 in GalNAc-T2 ([Fig. 2 *A* and *C*](#fig02){ref-type="fig"}). GalNAc-T2-R362 makes indirect interactions with UDP but is also critical for GalNAc-T2 activity, because it makes CH--π interactions with a conserved GalNAc-T2-F104 (corresponding to GalNAc-T12-I103) that stabilizes its catalytic flexible loop in the closed "active" conformation ([@r30]). However, since GalNAc-T12 does not contain Arg at position 366 or Phe at position 103, it must use distinct mechanisms to stabilize its catalytic flexible loop. The structure shows that a nonconserved W262 is positioned to make CH--π interactions with catalytic flexible loop residue K367 ([Fig. 2*D*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)). In GalNAc-T2, the corresponding K363 is oriented in the opposite direction to K367, and GalNAc-T2-M258 superimposes with W262 ([Fig. 2*D*](#fig02){ref-type="fig"}), indicating that this mechanism of loop stabilization is unique to GalNAc-T12 and GalNAc-T4. The conformational rigidity of a Pro at position 366 strongly influences the loop conformation and could stabilize the loop orientation for optimal CH--π interactions between K367 and W262. Indeed, the activity of GalNAc-T12^R373H/P366R^ is ∼1.5-fold less than GalNAc-T12^R373H^, suggesting that a change from Pro to Arg in the catalytic flexible loop further destabilizes the enzyme ([Fig. 2*B*](#fig02){ref-type="fig"}).

Interestingly, R16 (at the +2 position) in the peptide substrate that uniquely enhances the enzymatic activity of GalNAc-T12 ([@r20]) interacts with the catalytic flexible loop in each crystallographic complex ([Fig. 2*D*](#fig02){ref-type="fig"}). In 1 complex, R16 coordinates a water that interacts with the backbone carbonyl of I260, the backbone amide of W262, and the backbone carbonyl of loop residue F365. In the second complex, R16 interacts with the backbone carbonyl of P366. Thus, the GalNAc-T12--specific preference for Arg at position +2 of the peptide is associated with its unique residues P366 and W262. The slightly decreased activity observed for GalNAc-T12^R373H/P366R^ could also be attributed to the introduction of positive charges in the loop resulting in unfavorable electrostatic interactions with Arg16. Interestingly, GalNAc-T4 has a similar catalytic flexible loop conformation as GalNAc-T12 but does not have a preference for Arg at position +2 ([@r20]). A nonconserved R368 adjacent to GalNAc-T4-K368 (corresponding to GalNAc-T12-K367) increases the positive charge density in the GalNAc-T4 catalytic flexible loop that could result in unfavorable electrostatic interactions with a peptide containing Arg at the +2 position ([Fig. 2*D*](#fig02){ref-type="fig"}).

The Lectin Domain GalNAc-Binding Pocket Is Conserved. {#s5}
-----------------------------------------------------

Thr5-*O*-GalNAc binds to the α repeat sugar-binding pocket of the GalNAc-T12 lectin domain that consists of D460, Y477, H480, and N485 ([Fig. 3*A*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S3*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)). A structural superposition of the GalNAc-T12 and GalNAc-T2 α repeats containing GalNAc reveals a similar side chain configuration ([*SI Appendix*, Fig. S3*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)), verifying that GalNAc binding is structurally conserved. A deactivating CRC mutation, C479F, occurs in the α repeat and prevents disulfide bond formation between C479 (adjacent to H480 of the GalNAc-binding pocket) and C458 to disrupt the tertiary structure of the enzyme ([Fig. 3*A*](#fig03){ref-type="fig"}). Although the GalNAc-binding pockets of GalNAc-T12 and GalNAc-T2 are conserved, their lectin domains are not superimposable when their catalytic domains are aligned, placing the α repeat on opposite faces of the lectin domain ([*SI Appendix*, Fig. S3*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)). A similar reorientation occurs in GalNAc-T4 as the result of the poorly conserved linker region that connects the catalytic and lectin domains ([@r27]).

![GalNAc recognition by GalNAc-T12. (*A*) The lectin domain α repeat-binding pocket of GalNAc-T12 showing GalNAc (yellow) superimposed over an Fo-Fc omit map contoured at 3 σ hydrogen bonding to side chains of conserved residues (pink). The CRC variant C479F destabilizes the GalNAc-binding pocket by disrupting the disulfide between C479 and C458 that is adjacent to the α-binding pocket. (*B*) Catalytic domain-binding pocket of GalNAc-T12 showing GalNAc (yellow) superimposed over an Fo-Fc omit map contoured at 3 σ hydrogen bonding to backbone atoms of nonconserved residues (dark green) with the exception of N270, which makes side chain interactions. (*C*) Sequence alignment showing that the catalytic GalNAc-binding residues in GalNAc-T12 are not conserved in human GalNAc-Ts. (*D*) GalNAc-T12^WT^ and GalNAc-T12^N270A^ enzyme activity derived from the kinetic plots in [*SI Appendix*, Figs. S3*D* and S4*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental). Catalytic efficiency (*V*~max~/*K*~M~) is reduced with N270A, verifying that this pocket is important for GalNAc binding and activity due to increases in *K*~M~ values of the glycopeptide substrates.](pnas.1902211116fig03){#fig03}

To probe GalNAc lectin domain binding, we compared the activity of unglycosylated T12_Pep to the monoglycosylated substrates T12_Pep-5\* (N-terminal to acceptor T14) and T12_Pep-24\* (C-terminal to T14) ([*SI Appendix*, Fig. S3*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)). As expected, glycosylation of T12_Pep and T12_Pep-24\* (C-terminal GalNAc) is less than that seen with T12_Pep-5\* (N-terminal GalNAc), verifying a preference for lectin domain recognition of GalNAc in the N-terminal region of a glycopeptide ([@r20]).

The Unique Catalytic Domain GalNAc-Binding Pocket of GalNAc-T12. {#s6}
----------------------------------------------------------------

The catalytic domain GalNAc-binding pocket interacts with Thr17-*O*-GalNAc and consists of hydrogen-bonding interactions with the backbone atoms of V259, L268, and Q275 ([Fig. 3*B*](#fig03){ref-type="fig"}). V259 is semiconserved, while L268 and Q275 are not conserved ([Fig. 3*C*](#fig03){ref-type="fig"}). Interestingly, the only side chain interaction occurs between GalNAc and N270, the least conserved residue in that pocket ([Fig. 3 *B* and *C*](#fig03){ref-type="fig"}). To probe catalytic domain GalNAc binding, we compared the activity of the unglycosylated T12_Pep substrate with that of a monoglycosylated substrate T12_Pep-17\* and observed activity enhancements with T12_Pep-17\* ([Fig. 3*D*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S3*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)), verifying the proposed role of the GalNAc-T12 catalytic domain in GalNAc binding and substrate selectivity ([@r20]). Interestingly, enhancement of the catalytic domain-binding substrate increased the *V*~max~ to a similar degree as the lectin domain-binding substrate. Although T12_Pep-17\* has an ∼25% higher *V*~max~, it also has a slightly higher *K*~M~ than T12_Pep-5\*; thus, the catalytic efficiencies (*V*~max~/*K*~M~) of both monoglycosylated peptide substrates are essentially the same ([Fig. 3*D*](#fig03){ref-type="fig"} and [*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)). This is in contrast to GalNAc-T4, in which catalytic domain-mediated activity is significantly lower than lectin domain-mediated activity ([@r12]). This is likely due to the different catalytic domain GalNAc-binding modes; in GalNAc-T4, GalNAc has minimal interactions with surface residues, while in GalNAc-T12, GalNAc has extensive interactions with residues in the pocket.

To examine the effects of simultaneous lectin and catalytic glycopeptide binding, we assessed the activity of GalNAc-T12 toward a di-glycosylated substrate (T12_Pep-5\*,17\*) ([Fig. 3*D*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S3*D* and Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)). We found that GalNAc-T12 is most active at low substrate concentrations, with an apparent *V*~max~ identical to that of T12_Pep-17\*, but, more interestingly, has an apparent *K*~M~ that is ∼6- to 9-fold lower than that of either monoglycosylated substrate. This is due to the synergistic binding of both GalNAcs of the di-glycosylated peptide to GalNAc-T12. Intriguingly, the activity of the transferase is inhibited at higher concentrations of T12_Pep-5\*,17\* (*K*~i~ ∼70 to 80 μM), suggesting that tight binding of GalNAc-T12 to the di-glycosylated peptide may indeed inhibit product release at high substrate concentrations ([*SI Appendix*, Fig. S3*D* and Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)). Alternatively, it is possible that at high substrate concentrations, nonproductive binding of the glycosylated Thr residues to incorrect binding sites (i.e., Thr\*5 at the catalytic domain and Thr\*17 at the lectin domain) could lead to reduced activities, as was recently proposed for GalNAc-T4 ([@r12]).

N270 Is a Nonconserved Residue That Is Important for Binding GalNAc. {#s7}
--------------------------------------------------------------------

We tested GalNAc-T12^N270A^ against our substrates and found that its *V*~max~ values were nearly identical to those of wild-type GalNAc-T12, while its *K*~M~ values against the glycopeptide substrates T12_Pep-5\*, T12_Pep-17\*, and T12_Pep-5\*,17\* were all significantly higher than those of the wild-type enzyme ([Fig. 3*D*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S4*A* and Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)). On this basis, the catalytic efficiency of the mutant is reduced to approximately two-thirds for the monoglycosylated peptide substrates and to approximately one-fifth for the di-glycosylated peptide substrate ([Fig. 3*D*](#fig03){ref-type="fig"} and [*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)). Interestingly, the activity of the mutant against the unglycosylated peptide shows an apparent ∼2-fold decrease in its *K*~M~, which doubles its catalytic efficiency. This may be consistent with the structure showing that N270A changes a hydrophilic side chain to a hydrophobic side chain that subsequently could better interact with the T17 methyl group on a small movement of the loop containing N270A ([Fig. 3*B*](#fig03){ref-type="fig"}).

To assess the sugar specificity of the binding pocket, we modeled in galactose, mannose, and glucose ([*SI Appendix*, Fig. S4*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)). Galactose makes similar contacts as GalNAc and likely binds with comparable affinity, since the *N*-acetylamino group of GalNAc is not directly contacting the enzyme. With mannose, C4-OH appears to be 3.8 Å from N270, while with glucose, C4-OH is ∼5 Å away from N270. Based on these distances, we predict a slightly decreased affinity for mannose in the pocket and weak interactions with glucose ([*SI Appendix*, Fig. S3*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)).

The GalNAc-T12 preference for extant GalNAc in the +3 position overlaps with a well-characterized preference for Pro at the +3 position for GalNAc-Ts ([@r13], [@r19], [@r20], [@r23]). Kinetic studies indeed show that GalNAc-T12 has an ∼8-fold higher preference for Pro over Thr at the +3 position (i.e., ∼TPRP∼ vs. ∼TPRT∼) and an ∼15-fold preference for a GalNAc (∼TPRT\*∼) at this position ([*SI Appendix*, Fig. S4*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)). A structural alignment of Pro pockets of GalNAc-T2, -T4, and -T12 shows that residues in the 3 enzymes are well aligned despite the presence of GalNAc in the GalNAc-T12 structure ([*SI Appendix*, Fig. S4*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)). However, the GalNAc-T2 equivalent of the GalNAc-T12-N270 residue (GalNAc-T2-A266) cannot form appropriate side chain interactions with GalNAc, while for GalNAc-T4, the equivalent Q269 side chain would clash with GalNAc ([*SI Appendix*, Fig. S4*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)). GalNAc would similarly not likely be accommodated in the hydrophobic Pro pocket of GalNAc-T1, PGANT9, or T10 ([*SI Appendix*, Fig. S4*E*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)).

CRC-Associated Residues D303 and R297 Are Located in a Semiconserved Loop. {#s8}
--------------------------------------------------------------------------

GalNAc-T12^D303N^ and GalNAc-T12^R297W^ occur widely among CRC patients ([@r17], [@r18]). D303 and R297 are located in a semiconserved loop within the catalytic domain and interact with glycerol ([Fig. 4 *A* and *B*](#fig04){ref-type="fig"}). Another CRC mutation, V290F, introduces a bulky hydrophobic side chain in the loop that would clash with nearby residues and destabilize that region of the enzyme (Fig. 4*B* and [*SI Appendix*, Fig. S5*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)). GalNAc-T12^R297W^ is nearly inactive against the Muc5Ac peptide and T12_Pep, while GalNAc-T12^D303N^ retains partial activity against both peptides ([*SI Appendix*, Fig. S5*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)) ([@r18]). Thus, we used D303N to assess the function of the loop and performed a detailed kinetic analysis of the GalNAc-T12^D303N^ mutant to determine whether its peptide or glycopeptide activities were differentially altered. As with previous findings, GalNAc-T12^D303N^ is ∼50% less active than GalNAc-T12^WT^ against T12_Pep and monoglycosylated peptide substrates ([Fig. 4*C*](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S5*C* and Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)). The decreased activity of GalNAc-T12^D303N^ is less pronounced in the presence of T12_Pep-5\*,17\*. This may be due to the synergy of di-glycosylated peptide binding by GalNAc-T12^D303N^, where GalNAc-binding sites in both the catalytic and lectin domains are not likely to be altered by the mutations. These results indicate that GalNAc-T12^D303N^ does not have significantly altered activities against glycopeptide substrates compared with the unglycosylated substrate, and that the role of the semiconserved loop in modulating activity is independent of extant GalNAc binding.

![Effect of CRC-associated mutations D303N and R297W on the function of GalNAc-T12. (*A*) Sequence alignment highlighting the CRC-associated residues R297 and D303. (*B*) Both residues are located on a semiconserved loop near the C terminus of the peptide substrate (purple, GalNAc in yellow spheres) and are coordinating glycerol (gray). The crystal structure loop (dark green) is superimposed over 2 of the low-scoring loop conformations from computational studies (orange) and depicts a movement of ∼14 Å that repositions the loop at the C terminus of the peptide substrate. (*C*) Activity assay verifying that the CRC-associated variant D303N has lower activity than wild-type GalNAc-T12 against all the T12_Pep substrates.](pnas.1902211116fig04){#fig04}

How CRC mutations alter the function of the loop containing D303 and R297 is unclear from the crystal structure, since the loop is ∼25 Å from the active site and does not have extensive interactions with surrounding amino acids. We performed loop simulations that suggest alternate low-energy conformations, including 1 where the loop undergoes an ∼14-Å movement that significantly changes the spatial position of R297 (Fig. 4*B*). Thus, it is possible that the loop may be influencing the activity of the enzyme through transient movements that are not observed in the static GalNAc-T12 structure. Due to the presence of bound glycerol, we conducted docking simulations that predicted potential sugar-binding pockets with interaction energies comparable to those of known GalNAc-binding pockets. We found that GalNAc is more likely to interact with the back side of the loop, where glycerol is bound in the structure (Fig. 4*B* and [*SI Appendix*, Fig. S5 *D*--*F* and Table S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)). Interestingly, the docking simulations are consistent with kinetic results showing that GalNAc-T12 binds GalNAc efficiently in its lectin and catalytic domain, while GalNAc-T4 binds GalNAc efficiently in its lectin domain but not its catalytic domain ([*SI Appendix*, Fig. S5*F*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)) ([@r12]). However, since extant GalNAcs on a substrate do not alter the activity of GalNAc-T12^D303N^, a role for sugar binding in the loop is currently not clear.

Discussion {#s9}
==========

The fundamental challenge in understanding how GalNAc-T dysfunction may potentially contribute to cancer initiation and/or progression has been determining how each member in this large family of enzymes uniquely recognizes and modifies substrates. In this study, we investigated the unique functions of the glycopeptide-preferring family member GalNAc-T12, in which mutations resulting in the reduction or loss of activity are found in a subset of patients with CRC. We found that the clinical variant GalNAc-T12^R373H^ alters the nonconserved catalytic loop residue R373 that aligns the active site for catalysis. The related isoenzyme GalNAc-T4 also contains an Arg at that position, where it appears to have a similar role in coordinating substrate recognition ([@r12]). The data further reveal a unique catalytic flexible loop stabilization that occurs through interactions between a conserved K367 in the loop and a nearby nonconserved W262. The loop conformation is influenced by the nonconserved residue P366, which also interacts with R16 at the +2 position of the peptide, which was uniquely shown to enhance the activity of GalNAc-T12. Overall, these results highlight the distinct mechanisms and interplay between unique and conserved residues used by different family members to modulate activity.

The ternary structure verifies that GalNAc-T12 binds to extant GalNAc on a substrate in the α repeat of its lectin domain and GalNAc at the +3 position through a nonconserved pocket in the catalytic domain and explains how the +3 position is unique to GalNAc-T12. Peptides with Pro in the +3 position have been shown to enhance enzymatic activity for most of the isoenzymes, including GalNAc-T12 ([@r20], [@r23]), yet GalNAc-T12 prefers GalNAc over Pro. This is unsurprising, given that our kinetic studies show that GalNAc at specific positions on the peptide substrate greatly enhances the activity of GalNAc-T12, suggesting that even if the enzyme had a sequence preference, it still would function more efficiently as a glycopeptide-preferring enzyme.

Finally, the structure of GalNAc-T12 shows that the CRC mutations V290F, D303N, and R297W occur on a semiconserved loop that that binds to glycerol. The importance of this loop is presently not clear from the structure, but computational simulations suggest that it could adopt various conformations. Thus, it is possible that this loop is mobile in solution and undergoes dynamic conformational changes to influence function by, for instance, potentially folding over to help position substrates in the active site or changing conformation to stabilize transient states of the enzyme during catalysis. The loop glycerol-binding pocket could play a role in GalNAc or sugar binding, although previous studies and these data show that GalNAc-T12 does not have a preference for extant GalNAcs at the C-terminal position of a peptide ([@r20]). While this remains to be further investigated, the structure reveals a functionally important region in the catalytic domain unique to both GalNAc-T12 and GalNAc-T4. Overall, we anticipate that the structure and supporting biochemical data will provide a starting point for designing in vivo experiments for discovering the biological substrate(s) of GalNAc-T12 and potentially explain how aberrant glycosylation states of its substrate in patients with CRC contribute to cancer progression.

Methods {#s10}
=======

In brief, His~6~-TEV-GalNAc-T12^39--581^ was cloned from the template *GALNT12* (NM_024642.4) into pPICZα A for secreted protein expression in *Pichia pastoris*. GalNAc-T12 mutants were constructed by site-directed mutagenesis ([*SI Appendix*, Table S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)). Proteins were purified on a HisTrap HP column, followed by treatment with TEV protease to remove the His~6~ tag ([*SI Appendix*, Table S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental)). Crystals of GalNAc-T12 bound to T12_Pep-5\*,17\*, Mn^2+^, and UDP formed in 0.2 M NaCl and 20% PEG 3350 (wt/vol), and the structure was solved by molecular replacement. Enzyme kinetics were measured by quantifying the transfer of either \[^3^H\]-GalNAc or \[^14^C\]-GalNAc to peptide substrates. Loop structure predictions were conducted using Rosetta KIC, and GalNAc docking was done using RosettaLigand. The methodology is described in detail in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902211116/-/DCSupplemental).
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